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Highlights 
 The CIRCORT database comprises 104,298 saliva cortisol samples from 18,696 individuals. 
 Lifespan- and sex-specific reference ranges (LC/MS-MS) for diurnal salivary cortisol are derived. 
 A seasonal rhythm underlying diurnal salivary cortisol (acrophase: spring) was confirmed. 
 
Abstract
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 log(𝐶𝑜𝑟𝑡𝑖𝑠𝑜𝑙𝑖𝑑𝑝𝑠) = 𝛽0𝑑𝑝𝑠 + 𝛽1𝑝 × 𝑇𝑖𝑚𝑒 + 𝛽2 × 𝑇𝑖𝑚𝑒
2 + 𝛽3 × 𝑇𝑖𝑚𝑒𝐴𝑊 + 𝜀𝑖𝑑𝑝𝑠
 𝛽0𝑑𝑝𝑠 = 𝛽0 + 𝜉0𝑠 + 𝜉0𝑝 + 𝜉0𝑑
 𝛽1𝑝 = 𝛽1 + 𝜉1𝑝
β
β β
β
β β
ξ0s), ξ0p and ξ1p ξ0d
This method for constructing reference ranges essentially 
corresponds to a discretized, multilevel version of the polynomial regression approach proposed by 
Royston (1991).
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3.2. Circa- and infradian variability of diurnal cortisol profiles 
After exclusion of all cortisol data which were obtained during the first 30 min after awakening, the 
dataset was comprised of N = 83,306 samples. Table 2 lists the results of the mixed-effects growth 
curve models analyzing the diurnal cortisol profiles with respect to the potential impact of age and 
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sex, while accounting for study-, participant- and daytime-specific variance. Proceeding from a 
median post-awakening concentration of 8.1 nmol/l (LC/MS-MS), salivary cortisol decreased 
throughout the day to ~24.4% after 6 hours had elapsed since awakening, and to ~9.6% after 12 
hours had elapsed since awakening. As indicated by the quadratic effect of time (χ2(1)= 4026.3, p 
< .001), salivary cortisol decreased slower in the late circadian phase, and tended to increase 
again thereafter. Later awakening times were consistently associated with lower cortisol levels 
(9.3% ± 0.3% decrease per hour of later awakening; χ2(1)= 912.2, p < .001). Moreover, higher 
cortisol was associated with a more accentuated cortisol decrease across the day (r = -0.39). In all 
models, the majority of variance was attributed to between-study variability, which is not surprising 
as each study recruited participants with different demographic characteristics. The conclusions 
were not affected by the in- or exclusion of study 8 (cf. Figure 1), which resulted in a reduction of 
the study-specific variance component by 63.5%1 when omitted. In sum, the fixed and random 
effects of the baseline model explained R2 = 62.7% of the total cortisol variance. 
--- insert Table 2 here --- 
 Participant age accounted for a significant amount of the variation in diurnal cortisol levels 
(χ2(9) = 86.8, p < .001). Saliva cortisol concentrations in infants were significantly lower as 
compared to adults (i.e., ~71% of the lifespan average cortisol levels)2. After the transition to 
adolescence, cortisol levels remained relatively stable until late adulthood, but significantly 
increased thereafter during retirement age (approximately 2% per decade, resulting in ~18% 
higher cortisol in 70-80 year olds as compared to the lifespan average). In addition, males were 
found to display about 103% (±1%) of the diurnal salivary cortisol in women (χ2(1) = 12.3, p < 
.001). Although this isolated effect of sex was relatively small, a consideration of the interactions 
between sex and the age strata revealed some interesting differential changes across the life span 
                                                 
1 Further sensitivity analyses with country as additional predictor confirmed this result by showing 
no systematic differences for the Dutch, German, English, and U.S. American (-0.13 ≤ β ≤ 0.02, all 
p’s ≥ .5), but for the Swiss samples (β = 1.24, z = 4.67, p < .001). 
2 This effect was mostly informed by two American studies with limited sample sizes. In an attempt 
to validate this finding, we reanalyzed the salivary cortisol data from German infants reported by 
Stalder et al. (2013). After conversion to LC/MS-MS scale, these data were comparable to the 
concentrations reported in this article. 
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(χ2(11) = 72.4, p < .001). Specifically, 5-20 year old males had slightly lower diurnal salivary cortisol 
than females of the same age. Moreover, we discovered a significant dissociation between males 
and females during late adulthood (i.e., >50 years) with females showing the above reported 
cortisol increase due to ageing with a delay of 10 years as compared to males (see Table 2 and 
Figure 2A). 
28,667; 
χ2(3) = 23.3, p < .001 ±
χ2(3) = 5.6, p = .13
3.3. Age- and sex-specific reference values for diurnal cortisol 
To generate reference values for unselected males and females across the life span, we 
determined the 5th, 50th (i.e., the median), and 95th percentiles for saliva cortisol concentrations at 
different times of day. They are based on the fully parameterized model (including the age, sex, 
and their interactions as covariates) with awakening time fixed at 07.00 h. The median and 
concentration ranges for diurnal cortisol are shown in Table 3. 
--- insert Table 3 here --- 
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Figure 1. Cortisol levels from the complete CIRCORT dataset, showing the median and the 10th, 25th, 75th and 90th 
percentiles. Dashed lines show an atypical increment at 11 hours after awakening, which was due to a single study (#8) and 
not representative. Vertically oriented numbers below the x-axis denote the amount of samples informing each time stratum.
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Figure 2. Effect plots based on mixed-effects modeling of the CIRCORT dataset, which show the predicted median cortisol 
levels (±10%) at 1 hour after awakening. The point size represents the relative amount of data in the respective factor level. 
(A) Median salivary cortisol 1 hour after awakening (nmol/l, LC-MS/MS) for males and females across age groups. (B) Sex-
dependent impact of season on median salivary cortisol 1 hour after awakening as predicted in 30-40 year olds.
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Table 1. Characteristics of the 15 studies contributing to the complete CIRCORT dataset. 
Study 
ID 
Population Country No. of participants 
(days per participant) 
Age in years 
(mean, range) 
% 
Male 
Mean time of 
awakening 
Samples 
(n) 
Assay Sampling scheme Reference 
1 Children USA 111 (1.9) 3.8 (3.2-4.5) 45% 07:36 804 DELFIA AW30, 11, 16, BT – 
2 Children USA 170 (1.9) 4.3 (0.5-7) 52% 07:57 1.222 DELFIA AW, 10, 16, BT – 
3 School children Netherlands 96 (1.9) 9.1 (8.9-11.4) 54% 07:01 830  IBL AW, AW15, AW30, AW45, 
12:00 
– 
4 Children. population sample Netherlands 1.758 (1.0) 11.1 (10-12) 49% 07:00 5.119 IBL AW, AW30, 20:00 – 
5 School children Netherlands 160 (1.8) 12 (12-12) 49% 07:27 1.022  DELFIA AW, AW15, AW30, AW45, 
12:00, 20:00 
NTR (Bartels et al., 
2003) 
6 Adolescents Netherlands 326 (2.9) 17.1 (16.1-18.3) 26% 06:49 5.256 IBL AW, AW30, 9:30, 15:00, 
19:00, 22:00 
NTR (Kupper et al., 
2005) 
7 Adolescents Netherlands 159 (1.8) 18.2 (17.7-19.0) 43% 07:45 1.383 IBL AW, AW15, AW30, AW45, 
12:00 
– 
8 Students Switzerland 152 (3.9) 27.2 (22-48) 67% 07:01 2.666 DELFIA AW, AW30, 17:00, 18:00, 
18:30 
– 
9 Adults. industrial employees Germany 731 (3.7) 41.8 (16-63) 90% 05:57 17.774 IBL AW, AW30, 8:00, 11:00, 
15:00, 20:00, S15, S45 
– 
10 Adults. birth cohort UK 6.083 (1.0) 45.2 (44.3-47.6) 48% 07:21 11.859 IBL AW45, 11:15 British Birth Cohort 
(Power et al., 2008) 
11 Adults. industrial employees Germany 539 (1.9) 45.4 (20-71) 89% 05:22 3.276 IBL 11:00, 13:00, 18:00, 22:00, 
S15 / AW, AW30, 8:00 
– 
12 
 
Adults. nationwide USA 1.138 (3.9) 57.6 (33-84) 45% 06:39 16.989 IBL AW, AW30, 12:00, BT MIDUS (Karlamangla 
et al., 2013) 
13 Adults Germany 1.128 (1.0) 60.2 (49-72) 49% 07:42 4.244 IBL AW, AW30, 12:00, BT KORA (Lederbogen et 
al., 2010) 
14 
 
Adults. civil servants UK 4.148 (1.0) 61.1 (50.5-73.9) 74% 06:43 24.456 IBL AW, AW30, 9:30, 15:00, 
19:00, 22:45 
Whitehall II (Badrick 
et al., 2007) 
15 Retirees Netherlands 2.001 (1.0) 75.0 (65.2-98.5) 43% 07:33 7.766 IBL AW, AW30, 17:00, BT Rotterdam Study 
(Hofman et al., 2007) 
Total   18.700 (1.4) 47.9 (8.9-98.5) 61% 06:47 104.636    
Note. Abbreviations in the sampling scheme column: AW = awakening sample. AW15-AW45 = 15. 30 or 45 min after awakening. BT = bedtime. S15 = 15 after 
stressor onset. S45 = 45 minutes after stressor onset. BS = beginning of working shift. numbers indicate the intended sampling time.
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Table 2. Mixed effects growth curve models of diurnal salivary cortisol 
Model (1) Time + 
Awakening 
(2) … + Age + 
Sex 
(3) … + 
Season 
No. of samples / studies 83.306 / 15 83.306 / 15 28.667 / 6 
Predictors    
  Intercept (β ) 2.091 (0.105) 2.099 (0.095) 2.140 (0.214) 
  Time since awakening (β
per 6 hours) 
-1.647 (0.011) -1.648 (0.011) -1.440 (0.017) 
  Time since awakening2 
(β ) 
0.238 (0.004) 0.238 (0.004) 0.174 (0.006) 
  Time of awakening (β
per hour after 7:00) 
-0.098 (0.003) -0.099 (0.003) -0.105 (0.006) 
  Male sex (β )  0.031 (0.009) 0.047 (0.017) 
  Age > 5 years  -0.056 (0.039) – 
  Age > 10 years  0.131 (0.073) – 
  Age > 20 years  0.080 (0.038) 0.048 (0.044) 
  Age > 30 years  0.029 (0.023) -0.012 (0.017) 
  Age > 40 years  0.015 (0.015) -0.009 (0.010) 
  Age > 50 years  0.022 (0.011) 0.001 (0.007) 
  Age > 60 years  0.021 (0.008) 0.007 (0.007) 
  Age > 70 years  0.025 (0.007) 0.004 (0.007) 
  Age > 80 years  0.029 (0.006) 0.014 (0.006) 
  Season: Spring    Reference 
  Season: Summer   -0.052 (0.023) 
  Season: Autumn   -0.111 (0.025) 
  Season: Winter   -0.007 (0.025) 
Variance components    
  Days (ξd) 0.034 0.034 0.034 
  Participants (ξ0p + ξ1p) 0.130 + 0.063 0.130 + 0.063 0.190 + 0.064 
  Studies (ξs) 0.163 0.130 0.248 
  Residuals (εidps) 0.463 0.463 0.436 
Note. As regressions were performed on log-scaled cortisol concentrations, all of the above listed 
predictors multiplicatively impact cortisol on its natural nmol/l scale. Bold font indicates fixed 
effects, that fall below a significance threshold of α = 0.05. Values in parenthesis indicate standard 
errors.
 
 
RUNNING TITLE: REFERENCE RANGES FOR DIURNAL SALIVARY CORTISOL 
 
Table 3. Percentiles of diurnal salivary cortisol concentrations at various hours after awakening at 7:00. 
  1 hour 3.5 hours 6 hours 8.5 hours 11 hours 13.5 hours 16 hours 
Age Sex 5th 50th 95th 5th 50th 95th 5th 50th 95th 5th 50th 95th 5th 50th 95th 5th 50th 95th 5th 50th 95th 
< 5 F 1.3 4.7 16.7 0.7 2.6 9.1 0.4 1.5 5.4 0.3 1.0 3.5 0.2 0.7 2.4 0.1 0.5 1.9 0.1 0.4 1.6 
< 5 M 1.4 4.8 17.2 0.7 2.6 9.4 0.4 1.6 5.5 0.3 1.0 3.6 0.2 0.7 2.5 0.2 0.5 1.9 0.1 0.5 1.6 
5 – 10 F 1.3 4.7 16.8 0.7 2.6 9.1 0.4 1.5 5.4 0.3 1.0 3.5 0.2 0.7 2.4 0.1 0.5 1.9 0.1 0.4 1.6 
5 – 10 M 1.1 3.9 14.0 0.6 2.1 7.6 0.4 1.3 4.5 0.2 0.8 2.9 0.2 0.6 2.0 0.1 0.4 1.6 0.1 0.4 1.3 
11 – 20 F 2.0 7.2 25.8 1.1 3.9 14.0 0.7 2.3 8.3 0.4 1.5 5.3 0.3 1.1 3.8 0.2 0.8 2.9 0.2 0.7 2.4 
11 – 20 M 1.8 6.4 22.8 1.0 3.5 12.4 0.6 2.1 7.3 0.4 1.3 4.7 0.3 0.9 3.3 0.2 0.7 2.6 0.2 0.6 2.1 
21 – 30 F 2.1 7.5 26.7 1.1 4.1 14.5 0.7 2.4 8.6 0.4 1.6 5.5 0.3 1.1 3.9 0.2 0.8 3.0 0.2 0.7 2.5 
21 – 30 M 2.0 7.1 25.3 1.1 3.9 13.7 0.6 2.3 8.1 0.4 1.5 5.2 0.3 1.0 3.7 0.2 0.8 2.8 0.2 0.7 2.4 
31 – 40 F 1.8 6.5 23.3 1.0 3.6 12.6 0.6 2.1 7.5 0.4 1.4 4.8 0.3 1.0 3.4 0.2 0.7 2.6 0.2 0.6 2.2 
31 – 40 M 1.8 6.6 23.3 1.0 3.6 12.7 0.6 2.1 7.5 0.4 1.4 4.8 0.3 1.0 3.4 0.2 0.7 2.6 0.2 0.6 2.2 
41 – 50 F 1.8 6.3 22.5 1.0 3.4 12.3 0.6 2.0 7.3 0.4 1.3 4.7 0.3 0.9 3.3 0.2 0.7 2.5 0.2 0.6 2.1 
41 – 50 M 1.8 6.3 22.6 1.0 3.4 12.3 0.6 2.0 7.3 0.4 1.3 4.7 0.3 0.9 3.3 0.2 0.7 2.5 0.2 0.6 2.1 
51 – 60 F 1.8 6.4 22.7 1.0 3.5 12.3 0.6 2.0 7.3 0.4 1.3 4.7 0.3 0.9 3.3 0.2 0.7 2.5 0.2 0.6 2.1 
51 – 60 M 2.0 7.1 25.3 1.1 3.9 13.7 0.6 2.3 8.1 0.4 1.5 5.2 0.3 1.0 3.7 0.2 0.8 2.8 0.2 0.7 2.4 
61 – 70 F 1.9 6.8 24.2 1.0 3.7 13.1 0.6 2.2 7.8 0.4 1.4 5.0 0.3 1.0 3.5 0.2 0.8 2.7 0.2 0.6 2.3 
61 – 70 M 2.1 7.3 26.0 1.1 4.0 14.1 0.7 2.3 8.4 0.4 1.5 5.4 0.3 1.1 3.8 0.2 0.8 2.9 0.2 0.7 2.4 
71 – 80 F 2.0 7.2 25.7 1.1 3.9 13.9 0.7 2.3 8.3 0.4 1.5 5.3 0.3 1.1 3.7 0.2 0.8 2.9 0.2 0.7 2.4 
71 – 80 M 2.2 7.9 28.2 1.2 4.3 15.3 0.7 2.5 9.1 0.5 1.6 5.9 0.3 1.2 4.1 0.2 0.9 3.2 0.2 0.7 2.6 
> 80 F 2.2 7.9 28.1 1.2 4.3 15.2 0.7 2.5 9.0 0.5 1.6 5.8 0.3 1.1 4.1 0.2 0.9 3.1 0.2 0.7 2.6 
> 80 M 2.5 8.8 31.2 1.3 4.8 16.9 0.8 2.8 10.0 0.5 1.8 6.5 0.4 1.3 4.5 0.3 1.0 3.5 0.2 0.8 2.9 
Note. All concentrations are scaled in nmol/l. Abbreviations in the sex column: F = female (grey shaded cells). M = male. 
